[1] In order to investigate the characteristics of Pi 2 propagation observed in the highlatitude region, ground magnetometer data obtained at high-latitude CPMN stations were analyzed. The power of magnetic perturbation, (DH ) 2 + (DD) 2 , were calculated for Pi 2 events observed at four stations from 11 February through 20 April 1996 and for Pi 2s observed at two stations from 1 January through 27 March 1997. The times when the power of Pi 2s reached the maximum and the maximum amplitudes were compared among stations. The results are as follows. Pi 2s observed at Kotel'nyy (KTN: MLAT = 69.94°, MLON = 201.02°) reached the maximum amplitude earlier than those at lower-latitude station Tixie (TIK: MLAT = 65.67°, MLON = 196.88°), though the amplitudes were smaller at KTN than at TIK on average. The time lag from KTN to TIK has two peaks in its distribution; the primary and the secondary peaks are located around 10 s and 35 s, respectively. The mean value of the whole distribution of the time lag from KTN to TIK is about 20 s. Ultra Violet Image (UVI) data obtained by the Polar satellite was available during the second period; the UVI data indicate that it was when the auroral oval was located equatorward to KTN that the Pi 2 amplitude tended to reach the maximum earlier at KTN than at TIK. This observational result is important because Pi 2 was observed earlier in the polar cap region rather than in the auroral region. That is to say, Pi 2 was observed earlier in the polar cap region, which is not directly connected with the source region of Pi 2 via the magnetic field line. Longitudinal characteristics of Pi 2 propagation were derived by using data from longitudinally separated stations TIK, Chokurdakh (CHD: MLAT = 64.67°, MLON = 212.12°) and Kotzebue (KOT: MLAT = 64.52°, MLON = 249.72°). The result indicates the existence of the longitudinal center of Pi 2 propagation. The average magnetic local time of the center is estimated to have been $22.5 MLT; eastward (westward) of the center, Pi 2 exhibited an eastward (westward) propagation. The temporal and spatial developments of the Pi 2 propagation along the auroral zone were derived in an empirical manner. That is, the MLT (set to zero at the propagation center) dependence of the maximum amplitude time and the maximum amplitude itself of Pi 2 were derived in an empirical manner. As a result it is concluded that in the premidnight sector (i.e., around 22.5 MLT), KTN is the most probable location that observes the maximum amplitude of Pi 2 earliest among the CPMN stations located along 210°magnetic meridian. Our results show that the low-latitude Pi 2, which has often been used as a time indicator of substorm onset, is often delayed from the Pi 2 observed in the premidnight polar cap region. The present results imply that the consideration of high-latitude Pi 2s in addition to low-latitude Pi 2s can provide a new insight into the substorm onset timing. Thus it is necessary to consider the global features, especially Pi 2s observed in higher-latitude region, for studying substorm onset timing issues.
[1] In order to investigate the characteristics of Pi 2 propagation observed in the highlatitude region, ground magnetometer data obtained at high-latitude CPMN stations were analyzed. The power of magnetic perturbation, (DH ) 2 + (DD) 2 , were calculated for Pi 2 events observed at four stations from 11 February through 20 April 1996 and for Pi 2s observed at two stations from 1 January through 27 March 1997. The times when the power of Pi 2s reached the maximum and the maximum amplitudes were compared among stations. The results are as follows. Pi 2s observed at Kotel'nyy (KTN: MLAT = 69.94°, MLON = 201.02°) reached the maximum amplitude earlier than those at lower-latitude station Tixie (TIK: MLAT = 65.67°, MLON = 196.88°) , though the amplitudes were smaller at KTN than at TIK on average. The time lag from KTN to TIK has two peaks in its distribution; the primary and the secondary peaks are located around 10 s and 35 s, respectively. The mean value of the whole distribution of the time lag from KTN to TIK is about 20 s. Ultra Violet Image (UVI) data obtained by the Polar satellite was available during the second period; the UVI data indicate that it was when the auroral oval was located equatorward to KTN that the Pi 2 amplitude tended to reach the maximum earlier at KTN than at TIK. This observational result is important because Pi 2 was observed earlier in the polar cap region rather than in the auroral region. That is to say, Pi 2 was observed earlier in the polar cap region, which is not directly connected with the source region of Pi 2 via the magnetic field line. Longitudinal characteristics of Pi 2 propagation were derived by using data from longitudinally separated stations TIK, Chokurdakh (CHD: MLAT = 64.67°, MLON = 212.12°) and Kotzebue (KOT: MLAT = 64.52°, MLON = 249.72°). The result indicates the existence of the longitudinal center of Pi 2 propagation. The average magnetic local time of the center is estimated to have been $22.5 MLT; eastward (westward) of the center, Pi 2 exhibited an eastward (westward) propagation. The temporal and spatial developments of the Pi 2 propagation along the auroral zone were derived in an empirical manner. That is, the MLT (set to zero at the propagation center) dependence of the maximum amplitude time and the maximum amplitude itself of Pi 2 were derived in an empirical manner. As a result it is concluded that in the premidnight sector (i.e., around 22.5 MLT), KTN is the most probable location that observes the maximum amplitude of Pi 2 earliest among the CPMN stations located along 210°magnetic meridian. Our results show that the low-latitude Pi 2, which has often been used as a time indicator of substorm onset, is often delayed from the Pi 2 observed in the premidnight polar cap region. The present results imply that the consideration of high-latitude Pi 2s in addition to low-latitude Pi 2s can provide a new insight into the substorm onset timing. Thus it is necessary to consider the global features, especially Pi 2s observed in higher-latitude region, for studying substorm onset timing issues.
Introduction
[2] Based on the long-term accumulation of the observation, it is well accepted that a Pi 2 burst has a one-to-one correspondence with an intensification of magnetic bay associated with substorm expansion [Saito, 1969] . That is, a well-defined Pi 2 onset gives an accurate (±1 min) identification of the onset time of a magnetospheric substorm onset or intensifications [Rostoker et al., 1980] . In particular, low-latitude Pi 2 has been reported to be a sensitive indicator of substorm onset Sakurai and Saito, 1976] . In recent years, in order to clarify the cause-and-effect relationship among various substormassociated phenomena, there has been intense discussion of issues related to the timing of substorm onset [e.g., Liou et al., 1998; Liou et al., 2000, and references therein; Ohtani et al., 1999; Kepko and McPherron, 2001; Higuchi et al., 2002] . In these studies, low-latitude Pi 2s, for example those observed at Kakioka (L = 1.07), were often used as a time indicator of substorm onset.
[3] In addition to their sensitivity with substorm onset, equatorial or low-latitude Pi 2s have been reported to characteristics of global oscillation mode or cavity-like oscillation (azimuthal wave number m $ 0) [Kitamura et al., 1988; Yumoto, 1990] . Nevertheless, there still exist differences in the Pi 2 onset times (within $1 min) at different ground stations [e.g., Rostoker et al., 1980] . However, there has been no report on the detailed onset time distribution of Pi 2 on the entire surface of the Earth. It should be noted that the time accuracy of ±1 min is sometimes insufficient compared with the time accuracy of other substorm-associated phenomena. Thus it is necessary to clarify the timing characteristics of global Pi 2s in a quantitative and statistical manner in order to study not only the cause-and-effect relationship between Pi 2 and various substorm-associated phenomena but also generation and propagation mechanisms of Pi 2 itself.
[4] There have been detailed studies as regards the propagation characteristics of Pi 2 [Olson and Rostoker, 1975; Lester et al., 1985; Samson and Harrold, 1985] . However, as stated above, global characteristics of Pi 2 propagation with respect to its timing has not been presented so far. One reason is difficulty in determining the onset time of Pi 2; it is sometimes difficult to determine the onset time of a Pi 2 with accuracy of a quarter period of Pi 2 (15 $ 30 s) or less because a magnetic perturbation often changes gradually around the time of onset. In order to overcome these difficulties, Uozumi et al. [2000] proposed to use the time of the maximum amplitude of Pi 2 power, which was defined as (DH ) 2 + (DD) 2 , for studying latitudinal characteristics of energy transfer of Pi 2. Then they found the fact that the relative timing of Pi 2 magnetic energy has latitudinal dependence; in particular, they found that small-amplitude pulsations observed in the polar cap region just poleward of the auroral oval appeared earlier than standard amplitude pulsations in the auroral region and lower-latitude regions. They suggested a possible mechanism qualitatively explaining this phenomenon.
[5] In the present paper, latitudinal and longitudinal characteristics of relative Pi 2 timing in the high-latitude region will be presented as an extended study of Uozumi et al. [2000] . They are investigated in more detail by combining them with auroral image data obtained by the POLAR satellite. We will also present an empirical model of Pi 2 propagation in high-latitude region, which explains the new findings in this paper.
Data Sets and Analytical Methods

Station Information and Event Selection
[6] We analyzed ground magnetometer data observed at the high-latitude Circum-pan Pacific Magnetometer Network (CPMN) stations [Yumoto et al., 1996; Yumoto et al., 2001 ] to investigate the location of the source region and propagation mechanisms of Pi 2 pulsations. The time resolution of magnetometer data is 1 s. We used four highlatitude stations, which are separated longitudinally and latitudinally. Those stations cover a wide range of the auroral region. The magnetic latitude (MLAT) and magnetic longitude (MLON) of these stations are as follows. Kotel'nyy (KTN: MLAT = 69.94°, MLON = 201.02°), Tixie (TIK: 65.67°, 196.88°), Chokurdakh (CHD: 64.67°, 212.12°), and Kotzebue (KOT: 64.52°, 249.72°). TIK, CHD, and KOT are separated longitudinally. Those three stations are normally located in the auroral oval or subauroral region. The MLT differences between the two station pairs TIK/CHD and CHD/KOT are 1.0 and 2.5 hours, respectively. MLT for each stations was calculated based on the PACE magnetic field model [Baker and Wing, 1989] . The latitudes of CHD and KOT are almost the same. KTN is normally located poleward of the auroral oval in the midnight sector [e.g., Liou et al., 1997] . KTN and TIK are located almost at the same meridian. We used the Ultra Violet Image (UVI) data obtained by the Polar satellite [Torr et al., 1995] to identify the relative position between the auroral oval and four ground stations. Figure 1 shows a typical example of the relative position between the auroral oval and the ground stations. The UVI data were taken at 1602:09 UT on 27 January 1997 around a Pi 2 onset. The location of KTN, TIK, CHD, and KOT are marked by open circles. UVI monitored an auroral breakup; its center was located around 22 MLT and 68°MLAT. In the figure, KTN was located poleward of the northern edge of the auroral oval; it is so for normal condition.
[7] We selected a total of 39 Pi 2 events observed at all the four stations during the period of 11 February to 20 April 1996. In addition, to examine the latitudinal propagation of Pi 2, we selected a total of 26 events observed at KTN and TIK during the period of 1 January to 27 March 1997, for which we also examined UVI data from the Polar satellite. For those selected events we confirmed that (1) Pi 2 oscillations selected from band-pass filtered data can also be identified in the original data and (2) [Nishida, 1978; Yoshikawa, 2002] , it can be assumed that ground perturbation DB ?G correlates with perturbation of incident MHD wave DB ?M in time domain. On the other hand, the amplitude ratio between DB ?G and DB ?M is directly influenced by the condition of ionospheric conductivity (the main factor is S H /S P ); thus it is not simply estimated the amplitude of incident MHD wave compared with the waveform from ground observation. In auroral expansion region, strong precipitation of auroral particle enhances the factor of S H /S P ; thus it is expected that transmission of magnetic energy density also enhanced there. In this paper, we are mainly concerned with the time relation of energy perturbation among ground stations rather than the absolute value of its amplitude, we assume that incident energy density of MHD wave is estimated from ground magnetometer data by calculating the power of the horizontal component (DH ) 2 + (DD) 2 [Uozumi et al., 2000] ; m 0 is omitted here for practical simplicity. DH and DD are estimated by applying a bandpass (40 $ 100 s) filter to ground data; we have confirmed that the dominant frequencies of Pi 2 events examined in this study are confined in this period range.
[9] Figure 2a shows an example of the Pi 2 observed on the ground by means of the wave power defined in the above. This event occurred around 1659 UT on 13 February 1996. Figures 2b and 2c show the raw data of H and D component and band-pass filter data of H and D component for the same event, respectively. In Figure 2b (2c), H and D components of raw (band-pass filter) data were plotted by thick and thin lines, respectively. In those figures, KTN, TIK, CHD, KOT, and Guam (GAM: MLAT = 5.61°, MLON = 215.55°) data were plotted from the top to the bottom. GAM data is shown for the reference of the signature of a low-latitude Pi 2, though this station's data is not used in the present study. Statistical result of the timing relation between KTN and GAM was presented by Uozumi et al. [2000] .
[10] As shown in Figure 2a , perturbation of the Pi 2 wave power forms an isolated packet. The peaks of the oscillations (at every wave cycle) are smoothly interpolated by using the spline function, and the maximum point of the spline curve is taken as the maximum amplitude point of the wave packet in question. We refer to the time at the maximum amplitude and its magnitude as T max and A max , respectively. We denote the station name in parentheses; for example, T max and A max at KTN are expressed as T max (KTN) and A max (KTN), respectively. The difference of T max between KTN and TIK is defined as follows:
Negative (positive) DT max (KTN/TIK) means that the amplitude reached its maximum at KTN earlier (later) than at TIK.
[11] The log amplitude ratio is defined as follows:
[12] The time when the amplitude of a packet first reached 1/e of A max is defined as a provisional Pi 2 onset time, which we denote as T start . We define the difference of T start between two stations in the same way as we did for T max . T max tends to delay from T start by about 1 min. The duration of the main energy perturbation of Pi 2s is from 2 to 5 min, although the Pi 2 oscillation lasts for $10 min. In this paper, T max , rather than T start , is examined to study the characteristics of Pi 2 propagation for the following reasons. The band-pass filter sometimes creates artificial oscillations at the onset of Pi 2, which makes it difficult to determine the onset time ambiguous. (For example, see bottom panel of Figures 2b and 2c. An artificial oscillation appeared around 1656 UT.) It is also difficult to determine the onset time with raw data at the accuracy of the quarter (15 $ 30 s) of a Pi 2 period because the magnetic perturbation often starts gradually around the onset. In contrast, the band-pass filter does not change the time of each signal peak except around the onset (see Figures 2b and 2c) ; therefore we can examine the amplitude and time of the maximum amplitude of a packet with filtered data. Thus T max can be defined uniquely by the above procedure. We have also confirmed that DT max tends to be proportional to DT start (not shown). Therefore T max can be used instead of T start [Uozumi et al., 2000] . It will be seen in the following that the analysis using the method of T max provide consistent result of Pi 2 propagation on the ground, though the validity of the analysis using T max is not self-evident.
Observational Results
Typical Events of Pi 2 Propagation in High Latitude
[13] A typical event of Pi 2 propagation, which was observed on 13 February 1996, is shown in Figures 2a to 2c . The data period of those figures is 1652 -1712 UT, and during the period, ground stations were located in the postmidnight to dawn sector (1.4, 1.1, 2.1, 4.6, and 2.4 MLT for KTN, TIK, CHD, KOT, and GAM, respectively). T max of each station is written in Figure 2a . At least three Pi 2 trains were recognized during the period of 1652 -1712 UT at all the stations shown in Figure 2a . The first Pi 2 occurred around 1656 UT associated with a substorm bay disturbance. The second and the third Pi 2 onset occurred around 1659 UT and 1708 UT, respectively. The amplitude of the second Pi 2 was larger than that of the first one. Figure 2a shows that the second Pi 2 was detected at all stations shown. On the other hand, T max (KOT) was not detected for the first Pi 2 event. The second (first) Pi 2 is a typical example of events that we selected (did not select) for the present analysis. As seen in Figure 2a , T max (KTN) was the earliest among all the stations for the three Pi 2 events, except for the first Pi 2 event at KOT, which did not indicate the clear T max . For the first Pi 2 event, according to Figure 2a , wave packet started $1655:30 for KTN and $1656:30 for KOT, respectively. Thus it can be concluded that T max (KTN) was earlier than T max (KOT). For the second Pi 2 event, DT max (KTN/TIK) = À14 s, DT max (KTN/CHD) = À33 s, DT max (KTN/KOT) = À63 s, and DT max (KTN/GAM) = À42 s. Uozumi et al. [2000] reported that small-amplitude pulsations observed in the polar cap region and just poleward of the auroral oval (in this case at KTN) appeared earlier than standard amplitude pulsations in the auroral region (at TIK, CHD, KOT) and lower-latitude regions (at GAM) on average. That is, the three Pi 2 events in Figures 2a -2c are consistent with the result of Uozumi et al. [2000] . On the other hand, for the second Pi 2 event, DT max (CHD/TIK) and DT max (KOT/CHD) were 19 and 30 s, respectively. That is, T max increases with increasing MLT, and therefore the eastward propagation of the Pi 2 wave is confirmed for this event. A max decreases with increasing MLT (Dlog 10 A max (CHD/TIK) = À0.57 and Dlog 10 A max (KOT/CHD) = À0.42), which suggests that TIK was located nearest to the wave source for the event.
[14] Another Pi 2 event shown in Figures 2d to 2f occurred around 0923 UT on 5 March 1996. In this case, stations were located in the dusk to premidnight sector (17.9, 17.6, 18.6, 21.1, and 18.8 MLT for KTN, TIK, CHD, KOT, and GAM, respectively). The figure formats are the same as Figures 2a to 2c. The data recorded during the period of 0919:00 to 0920:30 UT at KTN are cut because large artificial noise was superposed on the raw magnetogram. Thus we do not discuss a small Pi 2 event which occurred around 0921 UT in the present study. We note here that the method to identify the peak in the Pi 2 power (Figure 2d ) clearly exhibits the timing and amplitude relations the among stations, even though the waveforms shown in Figures 2e and 2f are less clear than those in Figures 2b and 2c , making it more difficult to identify from the raw and the band-pass filtered data when the oscillations started at each station; therefore the method to identify the peak in the Pi 2 power is quite useful for the purpose of studying the Pi 2 propagation.
[15] For the Pi 2 event of Figures 2d and 2e, which occurred around 0923 UT, DT max (KTN/TIK) = À53 s, DT max (KTN/CHD) = À44 s, and DT max (KTN/KOT) = À15 s. That is, the Pi 2 maximum energy was observed the earliest at KTN than the other high-latitude stations. We also note that the Pi 2 observed at GAM attained the maximum amplitude earlier than the highest-latitude station KTN (DT max (KTN/GAM) = +17 s); this relation is explained by the longitudinal propagation effect in the high-latitude region, which will be discussed later (see section 4, second to last paragraph). If we compare T max s at the three stations at similar latitudes, i.e., CHD, TIK, and KOT, DT max (CHD/TIK) and DT max (KOT/CHD) were À9 and À29 s, respectively. That is, T max increased with decreasing MLT, and therefore the westward propagation of the Pi 2 wave is confirmed for this event. A max decreases with decreasing MLT (Dlog 10 A max (CHD/TIK) = 0.61 and Dlog 10 A max (KOT/CHD) = 0.97), which suggests that KOT was located nearest to the wave source.
Characteristics of the Latitudinal Propagation of Pi 2
[16] The top panel of Figure 3 shows the UT dependence of DT max (KTN/TIK). Black circles represent Pi 2 events observed during the first interval, for which Polar UVI data are not available. The other Pi 2 events, which were observed during the Polar mission, were classified into three groups, depending on the position of KTN relative to the auroral oval. The events of the first group (dark gray circles) were observed when the auroral oval was located equatorward of KTN without overlap (e.g., Figure 1 ). The events of the second group (open circles) were observed when auroral breakups took place above KTN. For events of the third group (light gray squares), KTN was located around the northern border of the auroral oval, and therefore it is difficult to classify them into the first or second group. Diamonds and error bars represent the averages and their standard errors of DT max (KTN/TIK) in each hourly bin of UT, respectively. The [17] DT max (KTN/TIK) are negatively biased except around 1300 UT. That is, the most Pi 2s (that are dark gray circles) were observed earlier at KTN than at TIK. DT max (KTN/TIK) were typically around À20 s. It is consistent with the result first reported by Uozumi et al. [2000] that KTN observes the Pi 2 energy maximum earlier than at a lower-latitude station in the auroral zone. When KTN was located in the auroral oval (open circles), DT max (KTN/TIK) was around zero or positive, which makes the hourly average at 1300 -1400 UT around zero. For the light gray squares in Figure 3 and Figure 4 , because of the uncertainty in the region identification using Polar UVI data, it is considered that the events spread in the area of both the dark gray circle and the open circle. We also note that when KTN and TIK were located in the morning sector (around 2300 UT), DT max (KTN/TIK) was not significant.
[18] The lower panel of Figure 3 shows the UT dependence of Dlog 10 A max (KTN/TIK). Legends are the same as the top panel. When the auroral oval was located equatorward of KTN without overlap (dark gray circles), A max (KTN) tended to become smaller than A max (TIK). On the other hand, when auroral breakups took place above KTN (open circles), A max (KTN) became larger than A max (TIK). According to Plate 1 in the paper by Liou et al. [1997] , the average auroral oval crossed the latitude of KTN around 19 MLT ($1030 UT at KTN). On the dayside of 19 MLT, the latitude of maximum intensity of photon flux was closer to KTN than TIK. Nightside of 19 MLT, this relation became opposite. This and the apparent UT dependence of Dlog 10 A max (KTN/TIK) suggest that when the auroral oval is located closer to a station, A max tends to become larger. The tendency is consistent with the result of an event study presented by Solovyev et al. [2000] , who Figure 3 . The top and the lower panels show the UT dependence of DT max (KTN/TIK) and Dlog 10 A max (KTN/ TIK), respectively. Black circles represent Pi 2 events observed while the Polar UVI data are not available. The other Pi 2 events, which were observed during the Polar mission, were classified into three groups, depending on the relative position of KTN to the auroral oval. The events of the first group (dark gray circles) were observed when the auroral oval was located equatorward of KTN without overlap (e.g., Figure 1 ). The events of the second group (open circles) were observed when auroral breakups took place above KTN. For events of the third group (light gray squares) KTN was located around the northern border of the auroral oval, and therefore it is difficult to classify them into the first or second group. Diamonds and error bars represent the averages and standard error of DT max (KTN/TIK) and 
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showed, from comparisons of data from magnetometers at KTN and TIK and an all-sky TV camera at TIK, that the maximum amplitude of Pi 2 bursts was observed at a station closer to the auroral arc.
[19] Figure 4a shows the relation between DT max (KTN/ TIK) and Dlog 10 A max (KTN/TIK). Legends are the same as Figure 3 . Figures 4b and 4c show the number of Pi 2s as a function of DT max (KTN/TIK) and Dlog 10 A max (KTN/TIK), respectively. In these two figures, black, white, light gray, and dark gray bars correspond to the black circles, open circles, light gray squares, and dark gray circles in Figure 4a , respectively.
[20] As shown in Figure 4a , events tend to distribute in the third quadrant, which means though Pi 2s at KTN were observed earlier than at TIK, the amplitude at KTN was smaller than that at TIK. This relation is inconsistent with what is expected from a simple wave propagation, that is, an expectation that a point located nearer to a wave source would observe an earlier and larger wave. This figure also suggests that the majority of the Pi 2 events which are not accompanied with UVI data (black circles) occurred when the auroral oval was located equatorward of KTN without overlap.
[21] Figure 4b clearly shows the event distribution is biased toward the negative. Figure 4b also shows two occurrence peaks, that is, the primary and secondary peaks around À10 s and À35 s, respectively. If we calculate the mean values of DT max (KTN/TIK) in the ranges from À30 s to 10 s and from À60 s to À20 s, that is, the mean values corresponding to the two data groups around the two peaks, they are À9.9 ± 1.5 s and À36.4 ± 2.2 s, respectively. The mean value of DT max (KTN/TIK) for all the events is À16.0 ± 2.5 s. According to Figure 3 (top) , the mean value of DT max (KTN/TIK) for the events that were observed when KTN and TIK were located around midnight is about À20 s.
[22] As shown in Figure 4c , the majority of the events is distributed around Dlog 10 A max (KTN/TIK) = À1. The mean value of Dlog 10 A max (KTN/TIK) in the range of À2 < Dlog 10 A max (KTN/TIK) < 0, which range corresponds to the dominant data group, is À1.22 ± 0.06. This value means that the powers of Pi 2s observed at KTN tend to be one order smaller than those at TIK. The mean value of Dlog 10 A max (KTN/TIK) for all the events is À0.60 ± 0.11.
Characteristics of the Longitudinal Propagation of Pi 2
[23] Figure 5 shows the UT dependence of DT max (CHD/ TIK) and Dlog 10 A max (CHD/TIK). Diamonds and error bars represent the averages and standard errors of DT max (CHD/ TIK) in each hourly bin of UT, respectively. The local magnetic midnights for TIK and CHD are indicated by the open and the solid triangle, respectively. The distribution of DT max (CHD/TIK) indicates a bipolar trend. Dlog 10 A max (CHD/TIK) decreases with UT. The average of DT max (CHD/TIK) changes its sign around 1300 $ 1400 UT. In this UT range, CHD and TIK are located around 21 $ 22 and 22 $ 23 MLT, respectively. This result suggests that Pi 2 propagates longitudinally away from this MLT sector. In the same MLT sector, the average of Dlog 10 A max (CHD/TIK) also changes its sign, indicating that the Pi 2 amplitude takes its maximum there. Therefore we infer that Pi 2 waves tend to be generated at 21 $ 23 MLT.
[24] The hourly averages of DT max (CHD/TIK) and Dlog 10 A max (CHD/TIK) were fitted by the least squares method with third-order polynomial functions. The results are expressed as follows:
where x is UT in hours, and Dx is the difference of MLT between CHD and TIK, 1.0 hour. The fitted functions are shown by the solid curves in Figure 5 .
[25] DT max [x] is approximated as follows: Hence T max [x] is derived by integrating this equation:
The integral constant was determined here to make the minimum value of T max become zero. For TIK, MLT = UT + 8.1. DT max = 0 is observed when TIK and CHD are located at the same distance from the MLT of the minimum T max .
Hence to express the above function as a function of MLT, it is necessary to add Dx/2 to the MLT of TIK. In addition, to set the midnight as the origin of coordinates, 24 hours was subtracted from MLT. As a result, MLT = UT + 8.1 + 0.5 À 24, that is UT = MLT +15.4. In this coordinate system, MLT becomes negative in the premidnight sector. Thus by substituting (MLT + 15.4) for x in the above equation, MLT dependence of T max is expressed as follows: 
The integral constant was determined here to make the maximum value of log 10 A max become zero. The MLT dependences of T max and log 10 A max are plotted in Figures  6a and 6b , respectively, by solid lines. There were no events at MLT > 3, for which the empirical model is represented by dotted lines. T max reaches its minimum at 22.2 MLT and log 10 A max reaches its maximum at 22.5 MLT.
[26] The slope of the plot of T max in Figure 6a corresponds to the velocity of Pi 2 propagation on the ground. The velocities of westward and eastward propagation are estimated at $2 and $1.5 deg/s ($90 and $70 km/s) at 65°M LAT, respectively. Samson and Harrold [1985] found that Pi 2 waves propagate longitudinally away from the center of a substorm wedge current system, which is consistent with our result. However, their estimation of the propagation velocity ($0.2 deg/s) is smaller than the present estimation by an order of magnitude.
[27] The values of T max and A max for Pi 2 events observed at TIK, CHD, and KOT were plotted by gray circles in Figures 6a and 6b . Where we keep the differences of MLT, T max , and A max among the stations. We visually determined the offsets of T max and A max for each event so that the line of the empirical model guides observations. For most of the events, relations among three stations can be described by the empirical model. However, the values of T max in the premidnight sector have relatively large scatters around the empirical model. In addition, around 22 MLT, A max of some events were larger than the fitted curve. This result suggests that the power of Pi 2 is enhanced in the limited region. This trend is traced by the dashed curve.
[28] Figure 7 shows the UT dependence of DT max (KOT/ CHD) and Dlog 10 A max (KOT/CHD) in the same format as Figure 5 . The local midnights for CHD and KOT are indicated by the open and solid triangles, respectively. The solid curves represent the above-presented empirical model determined based on the CHD/TIK relation. The profile of hourly averages basically agrees with the prediction from the empirical model, which reveals a bipolar variation. The peak-to-peak amplitude of the hourly averages is the same as that of the model prediction, and both Figure 6 . Solid curves are MLT dependence of (a) T max and (b) A max , which is determined empirically from observational results of DT max (CHD/TIK) and Dlog 10 A max (CHD/TIK). The values of T max and A max for Pi 2 events observed at TIK, CHD, and KOT are plotted by gray circles keeping the differences of MLT, T max , and A max among the stations. The offsets of T max and A max for each event were determined so that the line of the empirical model guides observations. Around 22 MLT, A max of some events were enhanced from the fitted curve. This trend is traced by dashed curves. model and observation of DT max (KOT/CHD) change the sign at the same UT (1200 UT), which corresponds to the demarcation between westward and eastward propagation. Regarding the amplitude, the deviation from hourly averages of Dlog 10 A max (KOT/CHD) at 10.5, 11.5, and 13.5 UT corresponds to the enhancement of power around 22 MLT shown in Figure 6b . It is the topic of future research why the KOT/CHD pair yields the larger amplitude there than the CHD/TIK pair.
Summary and Discussion
[29] In order to investigate the characteristics of Pi 2 propagation observed in high-latitude region, ground magnetometer data obtained in high-latitude CPMN stations were analyzed. The power of the magnetic perturbation, (DH) 2 + (DD) 2 , was calculated for Pi 2 events observed at four stations from 11 February through 20 April 1996 and for Pi 2s observed at two stations from 1 January through 27 March 1997. The times when the power of Pi 2s reached the maximum and the maximum amplitudes reached were compared among stations. As a result, the temporal and spatial structure of Pi 2 propagation in high-latitude regions were clarified.
[30] Most of nightside Pi 2s observed at KTN reached the maximum amplitude earlier ($20 s) than those at a lowerlatitude station, TIK, although the maximum amplitude was smaller at KTN than at TIK. The UVI data indicated that it was when the entire auroral oval was located equatorward to KTN (Figure 3 (top) and Figure 4a , dark gray circles) that the Pi 2 amplitude tended to reach the maximum earlier at KTN than at TIK. This observational result is important because it means that Pi 2 was observed earlier in the polar cap region rather than in the auroral region. That is, Pi 2 was observed earlier in the polar cap region, which is not directly connected with the source region of Pi 2 via the magnetic field line. On the other hand, when KTN was located in the auroral oval (Figure 3 (top) and Figure 4a , open circles), KTN observed Pi 2 at almost the same time as, or later than, TIK. In this case, the amplitude of Pi 2 observed at KTN was larger than that at TIK (Figure 4a) .
[31] The early occurrence of Pi 2 maximum amplitude at KTN can be explained as follows. According to the Tsyganenko 1996 model [Tsyganenko, 1996] , the magnetic field line through KTN is mapped onto the equatorial plane at a distance of 40 $ 60 R E from the Earth when KTN is located in the midnight sector. In addition, as stated above, KTN is normally located in the polar cap region at the substorm expansion onset when KTN is located in the midnight sector. We also note that the Pi 2 source region is expected to locate on the equatorial plane within the radial distance of 30 R E irrespective of substorm models. Synthesizing the above, it is expected that the field line through KTN normally encircles the Pi 2 source region and does not run through it. On the other hand, it is believed that Pi 2s observed at KTN are caused by Alfvén mode wave. One possible mechanism is as follows: A fast-mode wave is generated at the Pi 2 source region (located near the equatorial plane) and then propagates toward all directions, including the positive Z-direction across field lines; when this fast mode wave reaches the field line running through KTN, it forces the field line there to oscillate with the same frequency as that of the fast-mode wave; this forced oscillation propagates along the field line as an Alfvén wave and reaches KTN. For the Pi 2 events selected in the present study, Pi 2 observed at KTN has a wave packet shape similar to those observed at lower-latitude stations (for example, see Figure 2a ). This observational fact supports the above model. As pointed out by Uozumi et al. [2000] , under normal conditions, the magnetic field line at KTN goes through the tail lobe region of low plasma density (less than 1 cm À3 ) [e.g., Huang and Frank, 1994] and hence high Alfvén velocity (10 6 $ 10 8 m/s). This makes the propagation time from the source region to KTN shorter than the propagation times to the stations at latitudes lower than the open/close boundary.
[32] The above explanation further suggests that DT max (KTN/TIK) essentially depends on the relative position between KTN and the auroral oval. That is, the region in the magnetosphere through which the magnetic field line at KTN goes (i.e., the plasma sheet or the tail lobe) is the key factor which affects DT max (KTN/TIK), as explained below. The Alfvén velocity drastically changes across the boundary between the plasma sheet and the tail lobe because the plasma density and the magnetic field strength jump there. The jump in the Alfvén velocity results in a considerable difference in the propagation time of the Alfvén-mode wave along magnetic field line at KTN; when the magnetic field line at KTN runs through the plasma sheet (i.e., when KTN is located at the latitudes of the auroral oval), it is expected that the propagation time of the Alfvén-mode wave from the magnetosphere to the ionosphere becomes larger than the propagation time when the magnetic field line at KTN runs through the tail lobe (i.e., when KTN is located in the polar cap region). This explains DT max (KTN/TIK) of the dark gray circles (KTN in the polar cap) and the open circles (KTN in the auroral-oval latitudes) in Figure 3 (top) and Figure 4a , with TIK always mapped to the plasma sheet. For the light gray squares in Figure 3 and Figure 4 , because of the uncertainty in the region identification using Polar UVI data, it is considered that events spread in the area of both the dark gray circle and the open circle.
[33] Statistical analysis of data from longitudinally separated three ground stations has clarified that Pi 2 propagates eastward/westward, away from the average center at 22.5 MLT. The center of propagation agrees with that of the maximum power of Pi 2. The longitudinal center of Pi 2 propagation almost agrees with the region of the maximum auroral intensity [Liou et al., 1997] and the most likely onset location of the auroral substorm ]. The empirical model of the longitudinal Pi 2 propagation along $65°MLAT was derived from the observational result of the CHD/TIK relation. It is confirmed that the model well describes the propagation center and propagation velocity. In addition, it nicely explains the propagation time of Pi 2 between CHD and KOT, even though the CHD-KOT pair is independent from the CHD-TIK pair; this should not happen if T max is meaningless as an indicator of the propagation time. This statistical consistency supports the validity that the analysis using the method of T max provides consistent result of Pi 2 propagation on the ground, as long as an event is selected on the condition that DT max and DT start are roughly proportional [Uozumi et al., 2000] .
[34] The empirical model ( Figure 6 ) shows that the wave amplitude decreases from its maximum by an order of magnitude as the wave propagates westward and eastward by $4.5 and $3.5 hours in MLT, respectively. The model also presents that Pi 2s observed in dusk and dawn sectors are delayed 30 $ 60 s behind the corresponding Pi 2 observed at the longitudinal center of propagation. The velocities of westward and eastward propagations are estimated to be $2 and $1.5 deg/s ($90 and $70 km/s on the 65°MLAT), respectively. This velocity is over one order faster than the velocity of westward traveling surge. This propagation velocity of Pi 2 on the ground (at 65°MLAT) corresponds to $500 km/s in the magnetic equatorial plane, when it is mapped along the field line; this $500 km/s is nearly equal to the fast mode velocity there. proposed that Pi 2s observed in the low-latitude flanks are Alfvén-mode waves that are directly driven by fast mode waves (the author termed this type of Pi 2 as the driven Alfvénic). The present results suggest that not only on the flanks at low latitudes but also at high latitudes and in the polar cap region, Pi 2s observed away from the Pi 2 source region were driven Alfvénic. As a consequence, generation of the fast mode wave in the magnetotail is necessary for Pi 2s globally observed on the ground. Yumoto et al. [1989] argued that the perturbation in the compressional component, associated with current disruption and dipolarization observed by AMPTE/CCE satellite, was also observed at low-latitude ground stations with a time lag of the fast mode traveling time; this result points to a possibility that the current disruption is the source of the fast mode waves. On the other hand, argued that the fast mode wave was generated by the braking of periodic flow bursts. Thus more studies are required for the generation mechanisms of the fast mode wave.
[35] Combining the local time independence of the propagation lag from KTN to TIK (Figure 3, top) and the longitudinal propagation effect along TIK latitude (Figure 6a) , it is concluded that longitudinal propagation lag exists in the polar cap region (1.5 $ 2 deg/s, as stated above). On the other hand, longitudinal propagation is not significant in nightside low latitude and the equatorial region [Yumoto, 1986; Kitamura et al., 1988] ; according to Yumoto [1986] , time (phase) lag of low-latitude Pi 2s between midnight and dawn/dusk sector was $5 deg/s. It means that the speed of longitudinal propagation is faster in the lowlatitude region than in the high-latitude region. Thus when KTN is located far from a center of longitudinal propagation ($22.5 MLT), Pi 2 at KTN can be delayed from that at lowlatitude stations (e.g., an event shown in Figures 2d-2f ). It means that not only latitudinal propagation effect but also longitudinal propagation effect should be taken into account for the Pi 2 timing issues. Summarizing the present study and the result reported by Uozumi et al. [2000] , the premidnight (i.e., around 22.5 MLT) and polar cap region is the most probable location that observes Pi 2 earliest within the range from the magnetic equator to 70°GMLAT (i.e., the latitudinal coverage of CPMN stations along 210°magnetic meridian). That is, it is expected that the position at the lowest latitude in the polar cap and the longitudinal center of the Pi 2 propagation ($22.5 MLT) is the most probable location that observes Pi 2 the earliest.
[36] The present study provides information on 1 min before and after the onset time of substorm expansion and Pi 2. Although it has been known that a well-defined Pi 2 onset gives a 1-min resolution identification of the onset time of a magnetospheric substorm onset or intensification [Rostoker et al., 1980] , Pi 2s observed in the global area have by themselves time difference of $1 min among stations. Our statistical results show that low-latitude Pi 2 is often delayed from Pi 2 observed in the premidnight polar cap region. Low-latitude Pi 2 has been introduced as a sensitive indicator of substorm onset Sakurai and Saito, 1976] and often used for substorm onset timing issues. However, the present results suggest that the consideration of high-latitude Pi 2s in addition to lowlatitude Pi 2s can provide a new insight into the substorm onset timing. Thus it is necessary to consider the global features, especially Pi 2s observed in higher latitude region, for studying substorm onset timing issues.
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